The structural diversity and tenability observed in POMs has encouraged extensive investigations into their catalytic activity. Based on the structural classification of POMs, this review summarizes recent advances relating to POM-catalyzed selective oxidation and places most emphasis on dynamic developments from 2015 onwards. Work which contributes to comparing the catalytic performance of POMs with delicate structural differences (e.g. the same type of POM structure with differences of the heteroatom, addenda, protonated state or counter-ion) and in elucidating the origin/distinction of catalytic activity, as well as reasonable mechanisms, are especially highlighted.
Introduction
Polyoxometalates (POMs; see Appendix A for Abbreviations and acronyms) are an enormous family of inorganic clusters with structural diversity. Since the emergence of the first POM, i.e. (NH 4 ) 3 [PMo 12 O 40 ], and the identification of the Keggin structure, a series of basic POM structures, including Anderson, Dawson, Waugh, Silverton, Lindqvist, Weakley, Standberg, Finke and Preyssler (Zhang et al., 2018b; Omwoma et al., 2015) , have been discovered sequentially with the maturation of structure characterization technology (Fig. 1 ). Besides these classical types of POMs, recently POMs with novel special structures have emerged, for example, the 'pure' polyoxopalladate cluster [Pd II 13 AsV 8 O 34 (OH) 6 ] 8 (Pd 13 ) and related analogues obtained by replacing the central metal atom and the peripheral ligands (Chubarova et al., 2008) , as well as gigantic POMs based on self-assembly (Xu et al., 2012; Scullion et al., 2014) . In addition to developing novel structures, exploiting the useful applications of POMs in various fields is also prosperous. The intriguing properties of POMs, such as their high thermal stability, tunable redox potential, strong Brønsted acidity, inherent resistance to oxidative decomposition and sensitive electrical or photoresponse (Wang & Yang, 2015; Zhang et al., 2018b) , endow POMs with a wide range of applications in catalysis. Regarding the advances of POMs in catalysis, Wang & Yang (2015) have enumerated almost all the POM-catalyzed reactions. The application of POMs as environmentally benign catalysts for dealing with toxic gases, wastewater and organic pollutants (Omwoma et al., 2015; Dolbecq et al., 2012) , the utilization of POMs in water splitting for clean energy (Lv et al., 2012; Sumliner et al., 2014) and the progress of Keggin-type lacunary and transitionmetal-substituted POMs as heterogeneous catalysts (Patel et al., 2016) have been reviewed. Inspired by the redox-involved metabolism process of organisms catalyzed by metalloprotein ISSN 2053 ISSN -2296 # 2018 International Union of Crystallography or metal-containing enzymes, highly efficient selective oxidation in the presence of environmentally friendly oxidants, such as molecular oxygen or H 2 O 2 , is one of the coveted goals in catalysis. POMs, which have both transition metals with vacant d orbitals in high oxidation states and diverse structures, are a superb mimic of metalloproteins and enzymes. Based on our research interest with respect to catalytic selective oxidation, this review has collected recent advances in the field of POMcatalyzed selective oxidation, with the structural category of the POM as the main focus, and placed most emphasis on dynamic developments from 2015 onwards. These selected studies are mainly discussed in two ways: (i) macroscopically comparing the catalytic performance (e.g. yield, selectivity/ chemoselectivity, turnover number/frequency and reaction conditions) of POM catalysts with delicate differences of the heteroatom, addenda, negative charge, protonated state or counter-ion; (ii) summarizing work concerning analysis of the origin/distinction of catalytic activity from the viewpoint of structure. Regarding the selective oxidation of biomass, Keggin-type H 3+n PV n Mo 12-n O 40 (n = 0-5) and H 3 PW 12 O 40 are two kinds of catalysts that have been studied, respectively, for the oxidative cleavage of carbohydrates to formic acid and for the oxidative cleavage of unsaturated fatty acids. Relevant advances have been elaborated in a recent review by . The use of these materials in water oxidation lies beyond the scope of the present discussion, since work in this area is devoted to catalyst stability and the oxidation of organic ligands. For POM-catalyzed water oxidation, the reader is referred to an excellent review by Hill et al. (Sumliner et al., 2014) . Electron transfer is the essence of oxidation. The topic, involving electron transfer in POMs and the related activation of oxygen, can be referred to in the review by Weinstock et al. (2018) .
Keggin-type POM-catalyzed oxidation
As the first discovered POM with the common formula Y n [XM 12 O 40 ]ÁmH 2 O (X = Si, P V , B, Ge, As V , Al, Fe, Co, Ni, etc.; M = W, Mo, Nb), Keggin-type POMs are the most wellstudied structures in catalysis. In the following section, the versatility of Keggin-type POM catalysts with respect to selective oxidation is presented.
Epoxidation of alkenes
In contrast to intensive efforts exploring new Keggin POM catalysts for the epoxidation of alkenes, reports on the systematic understanding of the structural factors (conformation, the nature of the metal, the coordination environment of the active site, the role of the counter-ion, etc.) are sparse.
The consecutive investigations by Carbó, Kholdeeva, Poblet et al. Donoeva et al., 2010; Jimé nez-Lozano et al., 2012 clarified the mechanism for the activation of hydrogen peroxide by Keggin-type Ti IV -containing POMs. Firstly, they discovered the activity of the Timonosubstituted POM [PTi(OH)W 11 O 39 ] 4À (1a) and the Tidisubstituted sandwich-type POM [Ti 2 (OH) 2 As 2 W 19 O 67 -(H 2 O)] 8À (1b; Fig. 2) , with a well-defined coordination environment in the epoxidation of alkenes using H 2 O 2 as oxidant. It was found that 1b, with a five-coordinated Ti environment, displayed better activity and selectivity for epoxide than 1a, with a six-coordinated Ti-atom environment. A possible twostep mechanism has been proposed by DFT (see Appendix A) calculations ( Fig. 3a) : (i) the Ti-OH groups activate H 2 O 2 with a low energy barrier and yield either a Ti-hydroperoxo (Ti IV -OOH) or a Ti-peroxo (Ti IV -OO) intermediate; (ii) the less stable but more reactive Ti-hydroperoxo species transfers oxygen to the alkene to form the epoxide with a much higher energy barrier. Therefore, the second step is the rate-determining step. From the perspective of the coordination environment, the steric shielding of tungsten groups adjacent to Ti centres in 1b prevents the formation of an anion with higher aggregation, which improves the efficiency of the catalyst. In comparison with other early-transition-metal-substituted POMs, the role of the nature of the metal was also discussed based on the calculated energy barriers in a vacuum for the oxygen-transfer process from a peroxo and a hydroperoxo species to ethene, and some selected parameters from electronic population. As the homolytic cleavage of the O-O bond is energetically disfavoured for such Keggin-type POMs, the heterolytic mechanism results in high selectivity towards epoxide. Michaelis-Menten-type kinetics of 1b-catalyzed (the counter-ion of 1b is TBA 5.5 Na 1.5 K 0.5 H 0.5 ) epoxidation of cyclooctene with H 2 O 2 suggest that: (i) the interaction between H 2 O 2 and the Ti-OH group of 1b to produce a Ti IV -OOH complex is reversible; (ii) the rate-limiting step is the electrophilic O-atom transfer from Ti IV -OOH to the alkene substrate. The mechanism is also supported by the correlation between the alkene nucleophilicity (the energy of the C C orbitals in the alkene) and turnover frequency. Therefore, the electronic properties of the alkene are the main factors governing the activity. The steric effect of the alkene substituent on activity in the case of trans-stilbene was evaluated by ONIOM calculations (see Appendix A).
Subsequently, it was found that protonation of the 1a catalyst largely improved the activity and selectivity of alkene oxidation towards heterolytic products and the apparent activation energy in the epoxidation of cyclooctene drastically decreased (Jimé nez-Lozano et al., 2012; Fig. 3b, path A) . A comprehensive comparison of DFT calculations concluded the following: (i) upon protonation, the energy barrier for the heterolytic oxygen transfer decreases significantly, whereas the barrier for homolytic O-O bond cleavage is much less influenced; (ii) the effect of protonation is a global charge effect. Reducing the overall negative charge of the POM by protonation favours the transfer of electrophilic oxygen to nucleophiles.
Later, it was revealed that the previously computed oxygentransfer barrier (23.6 kcal mol À1 ; 1 kcal mol À1 = 4.184 kJ mol À1 ) for the bare anion 1b is significantly higher than the experimental Arrhenius activation energy value (14.5 kcal mol À1 ) for 1b with a TBA 5.5 Na 1.5 K 0.5 H 0.5 counter-ion. This suggests that the effect of protonation and the counter-ions should also be taken into consideration in the elaborated molecular model used for DFT calculations (Jimé nez-Lozano et al., 2016) . The computed potential-energy profile shows that the rigid and hindered Ti centres in the structure of single-protonated 1b lead to the unprecedented transfer of nondistorted -O from 1b to the alkene, instead of the previously proposed heterolytic -oxygen transfer (Fig. 3b, path B) . The presence of protons also enhances electrophilicity, which elevates the activity and heterolytic selectivity. In contrast, the eventual occurrence of ion pairing would not influence the electrophilicity during the oxidation process.
Recently, the two silanol-decorated modified Keggin-type POMs [-A-PW 9 O 31 ( t BuSiO) 3 Ti(O i Pr)] 3À (2a; Fig. 4a ) and [-B-SbW 9 O 30 ( t BuSiO) 3 Ti(O i Pr)] 3À (2b; Fig. 4b ), with siteisolated Ti IV , demonstrated a distinct catalytic behaviour in the epoxidation of allylic alcohol (Zhang et al., 2018a) . This resulted from slight conformational differences on the scaffolds. The A-type [PW 9 O 34 ] 9À structure in [-A-PW 9 O 34 -( t BuSiOH) 3 ] 3À provides a larger lacuna [mean diameter (d) = 6.991 Å ] than that provided by the B-type [SbW 9 O 33 ] 9À structure (mean d = 5.887 Å ) in [-B-SbW 9 O 33 ( t BuSiOH) 3 ] 3À . The difference is reflected in the positions of the Si atoms and the orientation of the tert-butyl groups, which point in a more axial fashion in 2a than in 2b. The Si-O-Ti angles in anion 2a (167.5 ) are consequently more obtuse than those in 2b (154.4 ). Owing to the electrophilic nature of the d 0 -Ti centre, the stabilizing O(p)!Ti(d) bonding in 2a is more extended than in 2b, which leads to the different chemical behaviour. DOSY NMR (see Appendix A) spectroscopy identified the different hydrolysis products of 2a The electrophilic O-atom transfer from Ti IV -OOH to alkene.
Figure 4
The crystal structure of (a) the anion [-A-PW 9 3 Ti] 2 O} 6À ) after releasing 2-propanol. NMR and Raman spectroscopic studies revealed that both 2a and 2b formed a titanium hydroperoxide Ti-( 1 -OOH) moiety with hydrogen peroxide, whereas in the case of 2a, Ti( 2 -O 2 ) and H 3 O + (probably related to partial hydrolysis of the siloxy part of the scaffold in 2a) were detected. The Ti-( 1 -OOH) intermediate from 2b is considered to be the active species in the epoxidation of allylic alcohols, while the peroxide Ti-( 2 -O 2 ) species from 2a is an undesired peroxide intermediate resulting from the concomitant release of protons that catalyze oxirane opening in the in-situ-formed epoxide, leading to increased selectivity for the butane-1,2,3-triol product in the epoxidation of prenol. A reaction progress kinetic analysis of the epoxidation by NMR spectroscopy provides evidence for the integrity of the two catalysts at a low concentration of H 2 O 2 and proves that 2b is more suitable for the catalysis of the nucleophilic epoxidation of allylic alcohols.
Oxidation of arenes to phenols and benzoquinones
The selective oxidation of methoxy-and methyl-substituted arenes is a highly efficient route to the formation of phenols and to benzoquinones, formed by the further oxidation of the phenols. The -Keggin divanadium-substituted POM [-PW 10 O 38 V 2 (-O) 2 ] 5À (3) and its protonated forms are effective catalysts. Mizuno and co-workers discovered that diprotonated 3 with cocatalyst HClO 4 were effective for the hydroxylation of arenes (Kamata et al., 2012; Fig. 5a ). Monoprotonated 3 manifested unusually high chemo-and regioselectivity in the oxidation of pseudocumene to afford 2,4,5-trimethylphenol and 2,3,5-trimethylphenol with a molar ratio of 7.3:1 under H 2 O 2 -deficient conditions. Meanwhile, under oxidant-excess conditions, 2,3,5-trimethyl-1,4-benzoquinone formed with medium substrate conversion and selectivity. For a 2-methylnaphthalene substrate, the predominant oxidation product was 6-methyl-1,4-naphthoquinone rather than the isomeric 2-methyl-1,4-naphthoquinone Fig. 5b 3À , were identified and the protonation equilibrium constants were estimated by 31 P NMR spectroscopy ( Fig. 5d ). Two patterns are concluded from the DFT study: (i) [-PW 10 V 2 O 38 (-2 : 2 -O 2 )] 3À is the most active catalytic form. Its contribution to the initial reaction rate is far more than the other two proposed hydroperoxo species, i.e. [-PW 10 O 38 V 2 (-O)(-OOH)] 4À and [-PW 10 -O 38 V 2 (-OH)(-OOH)] 3À . (ii) In the case of pseudocumene, the regioselectivity is governed by steric factors, but depends on electronic preference when the substrate is anisole or toluene. TBA 3.5 H 1.5 -3 (i.e. a mixture of TBA 4 H-3 and TBA 3 H 2 -3) with HClO 4 as cocatalyst were also efficient for the oxidation of 3,4,5-trimethoxytoluene to coenzyme Q 0 with H 2 O 2 as oxidant (Zalomaeva et al., 2017; Fig. 5c ). The higher protonated state for 3 manages to minimize the use of the acid cocatalyst and raise the conversion and selectivity. The superiority of TBA 3.5 H 1 -Keggin structure) and VO(acac) 2 indicated the essential role of the dioxovanadium core and the central P atom in the performance of the catalyst.
Oxidative C-H bond activation of alkanes/alkenes and trifluoromethylation of arenes
4À is a photocatalyst with a simple structure and an unparalleled reactivity for the direct C-H bond activation of inert alkenes. Relevant work is available in the account by Ravelli et al. (2016) . The binary catalyst system of W 10 O 32 4À and cobaloxime pyridine chloride (COPC) was applied for the ambient dehydrogenation of alkanes and secondary alcohols under near-UV irradiation (Fig. 6; West et al., 2015) . TBADT is responsible for the H-atom transfer (HAT) from a strong C-H bond (ca 100 kcal mol À1 ) on an unactivated alkane to generate the alkyl radical, and COPC is responsible for activating the weakened C-H bond to the alkyl radical (ca 50 kcal mol À1 ). (wO) and predicated its reactivity in such a process ( Fig. 7) . After analysing the contribution of oxygen sites to HOMO-1 (see Appendix A) and the POM structure, the conclusion that the H-atom transfer step should occur at the apical monocoordinated O-atom sites of W 10 O 32 4À was inferred. The electronic structure of [PMo 12 O 40 ] 3À can be depicted by frontier molecular orbitals (MOs). The HOMO is mostly (95%) 2p of O b (O b is a corner-sharing bridged O atom), whereas the LUMO (see Appendix A) is a mixture of the Mo 4d orbitals (50%) and the O b 2p orbitals (48%), and is antibonding with respect to the O b -Mo bond (Taketa et al., 1986) . The substitution of Mo 6+ with V 5+ in the primary structure of H 3 PMo 12 O 40 reduced the structural symmetry. Thus, the unoccupied MOs suffer notable changes in energy and composition, which narrows the energy gaps between the HOMOs and LUMOs (Ló pez et al., 2012) . In the UV-Vis spectra of these vanadium-substituted molybdophosphoric acids (PMo 12-n V n , n = 1-3), the characteristic adsorption band centred around 300-310 nm is ascribed to ligand-metal charge transfer (LMCT) in Mo-O b(c) bonds (O c is an edge-sharing bridged O atom). The absorption band in the range 380-500 nm due to a d-d transition of the coordinated Mo or V atoms is observable under the conditions of high POM concentration. The effect of V substitution is reflected in the red shift of these absorption band edges to a lower-energy region and the strengthened absorbance. The protonation by a strong acid can enhance the characteristic LMCT bands in the 210-300 nm region and lead to the red shift of a d-d transition band. Therefore, these vanadium-substituted molybdophosphoric acids can catalyze visible-light-driven oxygenation of cyclohexane to KA oil with N 2 O as oxidant in HCl-containing acetonitrile (She et al., 2016) . The promoting effect of HCl results from an intramolecular electron transfer from chloride anions to PMo 12-n V n anions via the light-excited donoracceptor adduct between HCl and PMo 12-n V n . It generates chlorine radicals and then initiates the subsequent reactions.
Keggin-type XPMo 12-n V n O 40 [X = H + , Me 4 N + , Bu 4 N + or (C 16 H 33 )Me 3 N + ; n = 1-3] were reported as recyclable photocatalysts for the HCl-promoted aerobic oxidation of cyclohexane under visible-light irradiation (Tang et al., 2017) . 51 Catalyst combination of TBADT and COPC for the dehydrogenation of alkanes.
by increasing the incorporation of V atoms. The presence of water plays two roles in the catalysis process: (i) it hinders the formation of photoactive species by replacing the coordinated HCl and MeCN. But the hydrophobic quaternary ammonium counter-ion weakened this inhibition effect; thus, the quaternary-ammonium-cation-containing POMs have higher photocatalytic activity. (ii) Water drastically restrains chlorinated side reactions and improves cyclohexanone selectivity. Similar patterns were also observed on the visible-light-driven oxygenation of cyclohexane by dioxygen catalyzed by HClpromoted vanadium-substituted tungstophosphoric acids (PW 11 V 1 , PW 10 V 2 and PW 9 V 3 ; Tang et al., 2015) .
The effects of both the polyatom nature (W or Mo) and the cobalt location in the Keggin framework on aerobic oxidation of cyclooctane were investigated (Karcz et al., 2017) . The observed experimental patterns (Table 1) prove that Mobased catalysts are more active than W-based ones. The location of Co within the primary Keggin structure is more beneficial than the presence of cobalt in the secondary structure as a compensating cation (Fig. 8 ). The practically similar total oxygenate yields with TBAPW(Mo) 12 and HPW(Mo) 12 showed that this process was unaffected by Brønsted acidity. The induction period followed by a sharp take-off ( Fig. 9 ), as well as the inhibition of any cyclooctane oxidation product by the addition of a radical scavenger, indicated the free-radical autoxidation nature of the process. Therefore, the mechanism of aerobic cyclooctane oxygenation distinguishes three reaction domains: initiation, propagation/branching and termination.
DFT computations of the electronic structures of PW 12 and PMo 12 show that the Mo-based anion has a lower LUMO orbital and a smaller band gap than the W-containing one (Fig. 10) ; thus, PMo 12 has a higher reducibility and activity. Calculating the free energy, analysing the composition of the frontier orbitals by density of states and comparing bond lengths, as well as the bond orders of the process, disclosed two opposite effects resulting from Co incorporation into the Keggin anion on chain initiation and propagation. Substitution of cobalt brings about a dramatic decrease of the gap between the frontier orbitals and their overall upward shift at the energy scale, in comparison with unmodified PMo 12 and PW 12 anions ( Fig. 10 ), leading to a lower reducibility of the substituted catalysts. The poorer reducibility of Co-substituted anions renders the chain initiation by H abstraction from cyclooctane energetically less favourable, while the appearance of a new path for radical formation via oxygen activation over Co sites shortens the induction period. The positive effect 
Figure 8
The effect of cobalt location on the aerobic oxidation of cyclooctane. Copyright 2017 Elsevier BV.
Figure 9
Dependence of the total oxygenate yield on time for cyclooctane oxidation. of Co opens new pathways for oxygen activation and ROOH intermediate decomposition.
Research results for the homogeneous oxidation of cyclohexene by the Keggin-type transition-metal-substituted phosphotungstates [PW 11 M(L)O 39 ] mÀ (PW 11 M; M = Co II , Cu II , Fe III , Ni II , Mn II ; L = H 2 O or void) showed that the product distribution (selectivity to allylic oxidation products or epoxidation products), substrate conversion and H 2 O 2 efficiency were strongly dependent on the transition-metal centres ( Table 2; Song et al., 2017) . PW 11 Co exhibited the highest catalytic activity among PW 11 M.
The significant effect of the H 2 O 2 -to-PW 11 M mole ratio on the stability of the catalyst and the resulting distinguishing selectivity of cyclohexene oxidation is particulary noteworthy. At a high H 2 O 2 -to-PW 11 M mole ratio, the PW 11 framework decomposed and metal atoms were released from the PW 11 M skeleton (except for PW 11 Fe) during decomposition ( Fig. 11 ).
Via control experiments with a radical scavenger, a kinetic study and EPR measurements, the mechanism was found to be composed of a radical pathway for the allylic oxidation and a nonradical pathway for the epoxdiation and further oxidation. Transition metals in PW 11 M are active sites for generating free radicals. Tungsten-peroxo species resulting from PW 11 M decomposition are responsible for activating the double bond.
The POM [Zn 2 Bi III 2 (ZnW 9 O 34 ) 2 ] 14À , with Bi atoms at the accessible terminal positions, showed an opposite chemoselectivity to that of [WZn/Mn(ZnH 2 O) 2 (ZnW 9 O 34 ) 2 ] 12À , with a similar 'sandwich' structure, in the oxidation of alkenes and allylic alcohols with urea-H 2 O 2 (Amanchi et al., 2015) . It favoured oxidation of the allylic C-H bond and a hydroxy group to carbonyl products rather than expoxidation. The distinct chemoselectivity was explained as the umpolung of the peroxo species. Contrary to the formation of an electrophilic peroxo intermediate on Lewis acidic Zn II /Mn II , a nucleophilic peroxo species was generated on Lewis basic Bi III sites. Two lines of evidence support the formation of a reactive nucleophilic peroxo intermediate: (i) more electrophilic sulfoxides are more reactive than more nucleophilic sulfides ( Fig. 12a ); (ii) nonfunctional aliphatic alkenes and dienes displayed an ene-type reactivity rather than epoxidation, implying the 'dark' formation of 1 O 2 via an HO 2 À species (Fig. 12b) .
The vanadium-substituted phosphovanadomolybdic acids (H 3+n PV n Mo 12-n O 40 , n = 1-4) were employed in the aerobic oxidative C-H trifluoromethylation of (hetero)arenes with NaSO 2 CF 3 as the CF 3 source . The activity of the catalyst was enhanced with the increase of vanadium content, and H 6 PV 3 Mo 9 O 40 showed the best performance. The synergistic effect of vanadium and the framework of the heterpoly acid for improving the catalytic performance are significant ( Table 3) after heating the mixture of H 6 PV 3 Mo 9 O 40 and NaSO 2 CF 3 in acetonitrile at 120 C, along with other signs (i.e. detected SO 2 evolution, the chemo-and regioselectivity pattern of trifluoromethylation, and the reaction suppression in the presence of a radical scavenger), indicated that the catalyst was first reduced by NaSO 2 CF 3 and then O 2 re-oxidized the reduced catalyst. The electrophilic CF 3 radical might be from the disproportionation of CF 3 SO 2 and might also be responsible for the trifluoromethylation.
Dehydrogenation of alcohols
The catalytic performance of the divanadium-and dititanium-substituted -Keggin polyoxotungstates TBA 4 [-
(4c) in the oxidation of alkylphenols and naphthols to the alkyl-substituted p-benzo-and naphthoquinones with H 2 O 2 as oxidant was investigated (Ivanchikova et al., 2014) . Compared to the other two POMs, the catalytic performance of 4a is superior in terms of activity, selectivity and the efficiency of H 2 O 2 utilization. FT-IR, 51 Vand 31 P NMR spectra, as well as a series of control experiments, confirmed that both the structure and the activity of 4a were maintained under the reaction conditions after three cycles of recycle and reuse. After treatment of 4a with 1-2 equivalents of 35% H 2 O 2 , the new signals emerged in the 51 V and 31 P NMR spectra and promptly disappeared after subsequent addition of a tenfold excess of 2,3,6-TMP; these were assigned as the active peroxo vanadium species V-(OH)(OOH)-V responsible for the oxidation of TMP to TMBQ (see Appendix A). In the absence of the phenolic substrate, the decomposition of this peroxo complex was slower than in the presence of TMP. Isomeric -PW 10 -V 2 O 40 gave TMBQ with the same conversion but with much lower selectivity under the optimal reaction conditions, indicating the subtle impact of structure on the catalytic selectivity. Recently, 4a was immobilized on pre-dried nitrogendoped carbon nanotubes and performed as a heterogeneous catalyst for the oxidation of 2,3,6-TMP to TMBQ (Evtushok et al., 2018) . The strong adsorption of 4a in the presence of nitrogen and molecular dispersion on the carbon surface prevented leaching and guaranteed steady reuse without loss of activity.
Oxidation of thioether and desulfurization
POM-catalyzed oxidative desulfurization (oxidation of sulfide to sulfoxide and/or sulfone) is one method for reducing Evidence for the formation of the nucleophilic peroxo intermediate on Lewis basic Bi III sites. (Goto et al., 2006) . But the origin of the remarkable catalytic activity was not clear. Via kinetic and DFT studies, the related mechanism was investigated and a more reasonable three-step 'monomeric' mechanism, different from a previous proposal, was put forward (Skobelev et al., 2015) . The catalytic cycle starts with hydrolysis of the dimeric structure to form the monomeric active species [(-SiTi 2 W 10 O 38 H 2 )-(OH) 2 ] 4À (5M). Then H 2 O 2 is activated by the hydroxo Ti-OH group and, subsequently, the heterolytic O-atom transfer from the hydroperoxo Ti-OOH group to the thioether proceeds. Due to the more flexible Ti environment, DFT calculations predicted that the mechanism involving the monomeric species was less energetically demanding than the path involving the dimeric species. The experimental kinetic data also showed the priority of the 'monomeric' mechanism. The authors further proposed a mononuclear and a multinuclear pathway, respectively, with the active Ti-OH and Ti 2 (-OH) moieties for the 'monomeric' mechanism. From the freeenergy barrier, three patterns are deduced: (i) the terminal peroxo species 5M 0 0 0 and the terminal hydroperoxo species 5M t can co-exist under the experimental conditions; (ii) the terminal hydroperoxo species shows a lower energy barrier in O-atom transfer compared with the bridging Ti 2 (-OH) species (5M b ); (iii) unlike previous computational studies, sulfide prefers to attack the hydroperoxo -O atom of the hydroperoxo Ti-OOH group instead of the -O atom, although the -O atom is more positively charged based on the calculations (Fig. 13) . This is accounted for as different Ti Mononuclear and multinuclear pathways for the 'monomeric' mechanism. . Comparing activity results from the use of structural analogues or in the presence of basic/acid additives demonstrates that three structural factors, viz. the divanadium core of the -Keggin-type structure, a P heteroatom and the protonation state, all are vital to high photocatalytic activity (Table 4 ). DFT calculations revealed that the HOMO and LUMO of TBA 3 H 4 [-PW 10 O 36 ] were mainly observed on O2p and W5d. By introducing V atoms into the POM skeleton, new V3d/W5d mixed LUMOs appeared, which have smaller energy gaps between the HOMOs and LUMOs (Fig. 14) .
Figure 14
Among a series of vanadium-substituted Keggin POMs, H 6 PV 3 Mo 9 O 40 (PVMo) was found to be an effective catalyst for the aerobic oxidative dimerization of primary thioamides to the corresponding 3,5-disubstituted 1,2,4-thiadiazoles ( Fig. 15a) (Yajima et al., 2014) . Vanadium is indispensable to the activity. With the same content of vanadium incorporation, the activity of a P-centred POM was better than an Si-centred POM, while molybdenum was better than tungsten. The authors ascribed these patterns to the heteroatom-and polyatom-dependent reduction potentials of POMs. The catalytic activities increased with an increase in vanadium content. The observed activity suppression with the presence of the radical scavenger 2,2,6,6-tetramethylpiperidine 1-oxyl indicated that the mechanism might involve radical intermediates. With the same catalyst, the desulfurizative aerobic oxygenation of secondary and tertiary thioamides to amides was developed ( Fig. 15b) (Xu et al., 2016) . The acidity of the catalyst was crucial to activity and no amide product was formed when using the tetra-n-butylammonium (TBA) salt. Isotopic labelling with H 2 18 O suggested that the source of oxygen in the amide product was mostly water.
In the selective oxidation of the sulfur mustard simulant 2-chloroethyl ethyl sulfide (CEES) to the nontoxic partial oxidation product 2-chloroethyl ethyl sulfoxide and vinyl ethyl sulfoxide with quite dilute (3 wt% (Table 5 ).
Oxidation of amines
The heterogeneous Lewis-acid catalysts Na 12 [Ln 4 (H 2 O) 6 (-GeW 10 O 38 ) 2 ]Á44H 2 O (Na--Ln 4 ; Ln = Dy, Ho, Er and Tm), bearing two dilacunary -Keggin-derived {GeW 10 O 38 } subunits and four lanthanides embedded in the pockets of an oxotungstate framework, exhibited outstanding activity, temperature-independent selectivity and recyclability in the oxidation of aniline towards nitrosobenzene with H 2 O 2 (Trautwein et al., 2015; Fig. 16 ). The insolubility of Na--Ln 4 in organic solvents guarantees the facile recovery and reuse, as 
Figure 15
Phosphovanadomolybdic acid catalyzed aerobic oxidative dimerization of primary thioamides and desulfurization-oxygenation of secondary and tertiary thioamides into amides.
Figure 16
Aniline-to-nitrosobenzene selective oxidation and the molecular structure of the Na--Ln 4 catalysts (Ln = Dy, Ho, Er and Tm well as structural integrity, of the catalyst. An induction period was deduced from the observed sigmoid curve tendency for the evolution of the aniline conversion. It implied a slow interaction between the heterogeneous POM catalyst and organic-solvent-immiscible hydrogen peroxide which resulted in the sluggish accumulation of active species on the POM surface. The disappearance of an induction period in the control experiment when pre-treating the catalyst with H 2 O 2 for 1.5 h, the remarkably elevated initial reaction rate during the reuse of the catalyst and the proof from UV-Vis spectral monitoring of the evolution of the catalyst validated the assumption. Kinetic investigations found that the activity of the Na--Ln 4 catalyst declined with increasing atomic number of the lanthanide centre from Dy to Tm, but was enhanced during catalyst reuse or after thermal pre-treatment. DRIFT (see Appendix A) disclosed that the activity is mainly related to the acidity of the lanthanide atom. The Na--Ln 4 compounds also become more insoluble as the atomic number of the lanthanide atom increases. Therefore, the more acidic Dy atom favours the clustering of water molecules in its close vicinity over the more basic Tm through stronger hydrogen bonding. Based on the evidence from DRIFT and thermogravimetric analysis, calcination removed both crystalline water and the strong-bonding water on the Na--Ln 4 POM, but no decomposition of the Keggin structure occurred. Both the insolubility and the acidity of the catalyst were elevated, thus the catalytic sites were modified. Due to the large energy gaps between the O2p-based HOMOs and the metal 4d-or 5d-based LUMOs, visible-light irradiation usually fails to trigger intramolecular oxygen-tometal charge transfer of POMs. Based on the idea of HOMO engineering, a tetranuclear cerium(III)-containing silicotungstate, TBA 6 [{Ce(H 2 O)} 2 {Ce(CH 3 CN)} 2 ( 4 -O)(-SiW 10 O 36 ) 2 )] (CePOM; Fig. 17) , was developed as a visible-light-responsive photocatalyst for the aerobic dehydrogenation of primary and secondary amines to imines, as well as the oxidative -cyan-ation of tertiary amines to -aminonitriles (Suzuki et al., 2014; Fig. 18a ). UV-Vis spectral studies on CePOM, its precursor TBA 4 H 4 [-SiW 10 O 36 ], as well as an MeCN solution of CePOM in the presence of the electron donor 4-methoxybenzylamine under visible-light irradiation and an argon atmosphere, inferred that visible light induced the intramolecular Ce III -to-POM(W VI ) charge transfer and generation of the reduced W V species. This Ce III -to-POM(W VI ) charge transfer was supported by the evidence from DFT computations that the HOMO and LUMO of CePOM were Ce III -and POM(W VI )based orbitals. The detected signal sets in the CSI-MS spectrum (see Appendix A) indicated interaction of the 4-methoxybenzylamine and Ce III sites, which is likely responsible for the electron transfer from 4-methoxybenzylamine to CePOM. Moreover, the available coordination sites for substrates on the tetranuclear cerium core and the low redox potential for Ce IV /Ce III also contribute to the charge-transfer process (Fig. 18b ).
Dawson-type POM-catalyzed oxidation
The reported catalytic applications of Dawson-type POMs are relatively fewer than those of Keggin-type POMs. The harsh preparation conditions (much higher temperature for preparing Dawson-type POMs than for preparing Keggin-type POMs) and fewer isomers (three and five kinds, respectively, for Dawson and Keggin types) might be the reasons.
Among a series of Dawson-type -K 6 P 2 W 18 O 62 -derived isomers, -K 6 P 2 Mo 6 W 12 O 62 exhibited the best performance for the solvent-and additive-free oxidation of cyclohexanol, cyclohexanone and a cyclohexanol-cyclohexanone mixture to adipic acid with H 2 O 2 (Table 6 ; Moudjahed et al., 2016) . However, there is lack of explicit interpretation for activity distinctions resulting from the location of Mo addenda.
A trilacunary Dawson-type POM, Na 12 [-P 2 W 15 O 56 ]Á-24H 2 O (P 2 W 15 ), immobilized on spherical -Al 2 O 3 with high dispersion was prepared via the condensation between the {P 2 W 15 } anion and hydroxy groups on the -Al 2 O 3 surface under acidic conditions (Fig. 19) . As a heterogeneous catalyst, it exhibited outstanding reactivity, selectivity and stability, as well as a high utilization efficiency of H 2 O 2 , in the oxygenation of thioethers to sulfoxides (Hong et al., 2016) . The strong covalent bonds between {P 2 W 15 } and the -Al 2 O 3 surface prohibited both POM leaching and the loss of catalytic efficiency.
Other typical types of POM-catalyzed oxidation reactions 4.1. Anderson-type POM-catalyzed oxidation
Anderson POMs {[XO 6 M 6 O 18 ] mÀ or [X(OH) 6 M 6 O 18 ] nÀ ; coordination atom M = Mo or W} consist of a packing of six MO 6 octahedra surrounding an XO 6 polyhedron in an edgesharing fashion and a planar symmetry D 3d configuration. The central octahedron can accommodate heteroatoms of ionic radius between 0.5 and 0.7 nm. These proton or hydroxygroup vertices can be replaced with organic ligands to yield organic hybrid POMs. Anderson POMs are not strongly acidic and present significant stability on a high-surface-area oxide support. By replacing the heteroatom or by using a mixture of coordination atoms, a variety of Anderson-type POMs have been synthesized.
The single-sided triol-functionalized iron-centred Anderson POM catalyst TBA 3 [FeMo 6 O 18 (OH) 3 {(OCH 2 ) 3 CNH 2 }] (Fe III -Mo 6 ; Fig. 20 ) presented impressive activity with low catalyst loading and wide functional group tolerance for aldehydes in the aerobic oxidation of aldehydes to carboxylic acids (Yu et al., 2017a) . The catalytic performance, structure and morphology of the recycled catalyst remain unchanged from the initial state.
Afterwards, the same authors prepared a series of inorganic ligand-coordinated Anderson POMs, viz. (NH 4 ) n -[MMo 6 O 18 (OH) 6 ] (M = Cu 2+ , Fe 3+ , Co 3+ , Ni 2+ and Zn 2+ ; n = 3 or 4), by a simple one-step method in boiling water and tested the activity of these catalysts in the aerobic oxidation of primary and secondary amines to imines, as well as the oxidative coupling of alcohols and amines to imines (Yu et al., 2017b) . Among them, the Cu-containing POM exhibited the highest yield (Table 7) , as well as good durability and recyclability. Due to the strong electron-withdrawing abilities of the MoO 6 groups, the planar arrangement of the six Mo VI centres around the central heterometal can greatly enhance the Lewis . A comparison with the precursor or analogue implied that both the existence of a single Mn 3+ active site in the catalyst and the special butterfly-shaped topology of the POM were vital to activity (Table 8) .
Lindqvist-type POM as epoxidation catalyst
The (Fig. 21) in the epoxidation of alkenes with H 2 O 2 .
Application of hybrid POMs in oxidation
Hybrid POMs obtained by assembling POMs with other structure-defined materials like MOFs, ILs or metal oxides is one of the efficacious solutions to frequently encountered issues in homogeneous and heterogeneous catalysis, such as poor catalyst recovery and the hindered access of substrates to active sites. The hybrid part introduces one more structural variable to the tuning and enhancement of the catalytic properties of POMs in selective oxidation. The following cases represent the specialities of hybridization for creating a special reaction micro-environment, remedying specific disadvantages of POMs or generating synergistic effects on catalysis. These specialities are beneficial to the turnover or selectivity of oxidation reactions.
Epoxidation of alkenes
[PO 4 {WO(O 2 ) 2 } 4 ] 3À (PW 4 )-supported zinc-modified SnO 2 displayed a synergetic effect between the POM catalyst and the support. It exhibited a much superior catalytic performance and reusability than the corresponding homogeneous analogue THA 3 PW 4 in the epoxidation of alkene with H 2 O 2 (Nojima et al., 2015) . Raman spectra and elemental analysis indicated the retention of PW 4 moieties after loading. Solidstate 31 P MAS NMR spectra suggest that ZnO is formed on the surface of SnO 2 , meanwhile PW 4 units are mostly immobilized on the support by interaction with highly-dispersed ZnO species.
By the electrostatic interaction between POSS-derived mesoporous poly(ionic liquids) POSS-IL x (x stands for the molar ratio of the ionic liquid to POSS) and H 3 PW 12 O 40 (PW), a series of amphiphilic mesostructured POM-based ionic hybrids (Fig. 22 ) was designed and applied in the epoxidation of alkenes (Leng et al., 2015; Zhao et al., 2016) content tuned the pore structure and the surface wettability. The amphiphilic structure not only supplied a unique microenvironment that facilitated the rapid diffusion of both hydrophobic alkene substrates and hydrophilic H 2 O 2 into the PW active centres during the epoxidation, but also prevented the further reaction of the epoxidation product.
Oxidative synthesis of carbonyl compounds
By attaching an anthracene aldehyde to a monovacant POM (SiW 11 O 39 ) with a (3-aminopropyl)triethoxysilane linker, the organic-POM hybrid TBA 4 [SiW 11 O 39 {Si(CH 2 ) 3 NCH-C 14 H 9 } 2 O] (Fig. 23) , with a visible-light absorbing capacity, was prepared and applied in the visible-light-driven aerobic oxidation of primary alcohols to aldehydes (Karimian et al., 2015) . The spectroscopic comparison of POMs before and after hybridization proved that the large aromatic ring of the anthracene imine group helped to expand the absorption bands from UV to visible regions and drastically narrowed the band gap of the POM. The POM is able to harvest visible wavelengths and become an efficient photocatalyst.
Two organic-inorganic hybrid compounds based on Pcentred dicapped polyoxoniobates and the copper/cobalt diamine complexes [Cu II (en) . Soluble PNb 12 O 40 -(VO) 2 is solidified to gain steady recyclability by combining with an organometallic cationic moiety. Both hybrids manifested activity in the transformation of diphenylmethane to benzophenone in a heterogeneous manner. Comparison with the corresponding homogeneous analogues Na 16 SiNb 12 O 40 and TMA 9 PNb 12 O 40 (VO) 2 , and with Cu(en) 2 SO 4 indicated that polyoxoniobates made no contribution and that there was a synergetic effect between the vanadyl groups in PNb 12 O 40 -(VO) 2 and [Cu(en) 2 ] 2+ /[Co(en) 2 (H 2 O) 2 ] 3+ (Table 9 ).
The catalytic oxygenation of alkenes not only occurs on the double bond to generate epoxides and diols, but can also occur at the alliylic position to afford allylic alcohol and enones, although the latter pathway is quite challenging. Bo and coworkers prepared a series of H 3+x PMo 12-x V x O 40 @MIL-100 (Fe) hybrids (x = 0-2) by encapsulating H 3+x PMo 12-x V x O 40 with MIL-100 (Fe), a MOF derived from ferric nitrate and trimesic acid, in a one-pot hydrothermal process (Tong et al., 2017) . The encapsulation greatly altered the product distribution in the oxygenation of cyclohexene with H 2 O 2 . Contrary to the scenarios of corresponding unencapsulated POMs, both H 4 PMo 11 VO 40 @MIL-100 (Fe) and H 5 PMo 10 V 2 O 40 @MIL-100 (Fe) led to allylic oxidation to give the major product enone (Table 10 ).
In the gas-phase toluene photo-oxidation, the composite of Anderson POM (NH 4 ) 4 [NiMo 6 O 24 H 6 ]Á5H 2 O (NiMo 6 ) and nanosized anatase TiO 2 displayed a synergistic effect between the POM and TiO 2 with respect to both selectivity and activity (Muñ oz-Batista et al., 2018) . Benzaldehyde was represented as a dominant product (around 90% selectivity). The total oxidation was effectively inhibited under both UV and sunlight-type illumination. The Anderson POM takes advan-tage of the high surface area of TiO 2 and presents a significantly higher surface area to the reactant atmosphere. A lower band gap for the POM compared to TiO 2 allows higher quantum effeciency. A survey by UV-Vis, TEM and XPS indicated that although the heteropolyacid main structure was preserved after deposition onto the titania surface, the structural and electronic properties (d-sub-band splitting and mean energy position) of the NiMo 6 component in the composite were modified by interaction with the support. Among the composites with different NiMo 6 loading, the activity reached a maximum value for the 3NiMo/Ti sample. The authors ascribed the activity maximum to the structural and electronic modification of the minor NiMo 6 component triggering the optimization of photoactivity, but such a positive modification diminished progressively as the size of the NiMo 6 components increases to a certain point.
Oxidation of nitrogen and sulfur compounds
The Reaction conditions: diphenylmethane (1 equiv.), catalyst (0.03 mol%), solvent benzonitrile (0.5 ml), TBHP (70% in water, 2.5 equiv.), 60 C, 24 h.
Figure 24
(a) The crystal structure of CR-BPY1 with the 3D framework generated by the covalent linking of the wave-like 2D sheets (drawn as a ball-and-stick model) and [SiW 11 O 39 mediated aqueous N-oxidation of pyridine and its derivatives . The catalytic efficiency of Tris-LDH-La(PW 11 ) 2 was only slightly lower than that of the homo- (Cai et al., 2018;  Table 12 ). The large hydrophobic cavity of Pd 4 L 2 (ca 1880 Å 3 ), due to the insertion of two p-xylene spacers, is beneficial for the co-encapsulation of both organic sulfide and inorganic POM guest molecules. This co-encapsulation enhanced the effective local concentration and forced the bimolecular collision. NMR titration showed that (Mo 6 O 19 2À ) 2 /Mo 8 O 26 4À @Pd 4 L 2 had a weaker binding ability toward the diphenyl sulfoxide product than the diphenyl sulfide substrate. The selectivity enhancement was inferred to be realized by the favourable binding of substrates over the sulfoxide products.
The dual functional catalysts CR-BPY1 ( Fig. 24a ) and CR-BPY2 (Fig. 24b) were prepared by merging photoredox catalyst [SiW 11 O 39 Ru(H 2 O)] 5À and Cu II -bipyridine MOFs, respectively, via solvothermal methods and hierarchical diffusion. CR-BPY1 was an effective photocatalyst for the aerobic C-C bond coupling of N-phenyltetrahydroisoquinoline with acetophenone; in comparison, CR-BPY2 was less efficacious (Shi et al., 2015) . There is a strong synergetic effect between the Cu II fragment and the Ru III -substituted POM (Table 13 ). Single-crystal structure analysis reveals the presence of Cu II -O-W(Ru) bridges only in CR-BPY1. In the case of CR-BPY1, the ruthenium-containing fragments acted as photocatalysts to oxidize N-phenyltetrahydroisoquinoline to form the Ru II species, and the iminium intermediate was confirmed, respectively, by the emission spectrum and ESI-MS. The peaks of acetophenone in the 1 H NMR spectrum of desolvated CR-BPY1 solids immersed in a dichloromethane solution of acetophenone, the red shift of the acetophenone carbonyl group in the solid-state IR spectra of CR-BPY1 solids impregnated with a dichloromethane solution of acetophenone and the poor conversion of the bulky ketone substrate suggested the adsorption and activation of acetophenone in the channels of the MOFs. It is plausible that the interactions between Cu II ions and the C O groups of acetophenone form the nucleophile enol intermediate. This collected evidence strongly supports the suggestion that the Cu II -O-W(Ru) bridges in CR-BPY1 lead to a synergetic effect between the Cu Lewis-acid catalyst and the Ru IIIsubstituted POM photocatalyst to individually activate the substrates and decrease the space between the intermediates in order to achieve the high conversion. This may be the main reason that CR-BPY1 exhibits a much better catalytic performance than CR-BPY2 under the same conditions.
Oxidative esterification
For the valorization of glycerol, a by-product of biodiesel production, a green and mild oxidative esterification protocol based on the copper benzene tricarboxylate MOF-supported H 3 PW 4 O 12 catalyst has been developed (Zhu et al., 2015) . It converts glycerol to esters such as ethyl propanoate and propyl acetate with H 2 O 2 as oxidant. The POM served as the active site for the oxidative esterification and H 2 O 2 provided weak acidity in addition to being the source of oxygen. The MOF support created a mass-transfer effect. The pore limitation effect from the MOF restricts the diffusion of the acid intermediates and therefore facilitates the generation of esters.
By incorporating Keggin-type [ZnW 12 O 40 ] 6À , Zn(NO 3 ) 2 , the bridging ligand NH 2 -bipyridine (NH 2 -BPY) and the asymmetric organocatalyst pyrrolidin-2-ylimidazole (PYI), insitu generated from l-N-tert-butoxycarbonyl-2-(imidazolyl)-1pyrrolidine, Duan and co-workers synthesized POM-based homochiral MOF ZnW-PYI catalysts and demonstrated their distinguished performance in the auto-tandem enantioselective synthesis of chiral cyclic carbonate with olefin, CO 2 and TBHP ( Fig. 25; Han et al., 2015) . The contribution of each unit in ZnW-PYI during the catalytic process was clearly . The chiral PYIs act as co-operative catalytic sites to forge a crucial reaction centre that enhances the activities of the oxidants and induces enantioselectivity. Switching PYI from an l to a d configuration can completely reverse the chirality of the product. The IR-detected peroxotungstate intermediate on the catalyst impregnated with TBHP indicated the role of ZnW 12 O 40 6À as epoxidation catalyst. Structure analysis also revealed one Zn 2+ atom with a water molecule in its sixth coordination position, while the other Zn 2+ atom is associated with an acetonitrile molecule. Therefore, the removability of the coordinated water molecules gives Zn 2+ in ZnW-PYI the potential to act as an active Lewis acid catalyst. The IR spectral comparison of activated ZnW-PYI in a vacuum and after the introduction of CO 2 confirmed the amine groups of NH 2 -BPY which are distributed around the inner surface of the channels and are able to act as accessible sites to capture and activate CO 2 , as well as boost the coupling of CO 2 with epoxide under relatively mild conditions. The catalytic synergy among the MOF, organocatalyst and POM compactly represent the advantages of MOF-hybrid POM catalysis materials (Fig. 26 ).
Summary and perspectives
The above-mentioned advances clearly demonstrate the effects of architectural diversity and subtle structural tuning on the catalytic performance of POMs. As yet, catalysts employed for selective oxidation are mostly related to the Keggin-type POM. The potential of POMs with other basic structural topologies is awaiting a deeper evaluation. Unravelling the detailed mechanism at the molecular level and analysing the contribution from a particular structure on an extraordinary catalytic performance are difficult but of vital importance. They help to guide the rational design of efficient POM catalysts for selective oxidation. Moreover, POMs with a well-defined structure provide tractable models for shedding light on the mechanisms of heterogeneous catalysts with similar but more complicated structures.
Since H 2 O 2 is a popular oxidant in POM-catalyzed oxidation, the degradation of POMs by H 2 O 2 must be considered. ]} 3À . These low nuclearity peroxotungstates/molybdates are active oxygen-transfer species in the epoxidation of alkenes with the Ishii-Venturello system. The relevant early work has been comprehensively recorded by Kozhevnikov (1998) . In order to prevent confusion on actual active species and mechanism understanding, the stability of transitionmetal substituted POM catalysts in the presence of H 2 O 2 and the integrity of the recycled catalyst after reaction should always be given particular attention. The investigation of transiton-metal-substituted phosphotungstates is a representative example (Song et al., 2017) . Schematic representation of the constitutive/constructional fragments of the MOF and tandem catalysis for the asymmetric synthesis of cyclic carbonate. Copyright 2015 Springer Nature.
Table 13
Catalytic performance comparison in the oxidative C-C coupling of N-phenyltetrahydroisoquinoline and nitromethane. Advanced structure characterization techniques have propelled the understanding of the effect of structure on catalytic performance. Besides using basic techniques like X-ray crystallography, a batch of spectroscopic tools, transmission electron microscopy, cyclic voltammetry, contact angle measurement and confocal fluorescence microscopy, which are useful tools in functional-material characterization and biological imaging, have also been employed.
By means of meticulous mathematical analysis, kinetic investigation gives indirect but useful insights into the relationship between structure and activity (Skobelev et al., 2015 (Skobelev et al., , 2017 Zhang et al., 2018a) . Software, programs and algorithms are also indispensable, for example, the structure refinement program SHELXL for single-crystal X-ray diffraction analysis (Sheldrick, 2015) and PLATON (Spek, 2009 ) for calculation of the accessible empty space in the framework of a MOFhybrid POM (Han et al., 2015; Shi et al., 2015) . For the cases where POM structures contain large voids and the exact amount of solvent located in the voids is unidentified due to their high disorder and small residual peaks, the SQUEEZE option (Spek, 2015) in PLATON can remove the contribution of the solvent molecules . Regarding DFT calculations, algorithms and methods such as the ONIOM algorithm, the Davidson algorithm, the NBO method and the SOPERT method have displayed their own specialities in elucidating structure-performance relationships (Donoeva et al., 2010; De Waele et al., 2016) .
POM-catalyzed selective oxidations often encounter giant and varied POM structures, subtle inter-or intramolecular hydrogen bonding, frequent proton or oxygen transfer, as well as multiple plausible reaction channels (Ló pez et al., 2012; Jimé nez-Lozano et al., 2012; Skobelev et al., 2015 Skobelev et al., , 2017 . Thus, the relevant computational modelling demands high accuracy with respect to geometry and energy. A high price has to be paid for a large amount of computational time. The Stochastic Surface Walking method (SSW; Shang & Liu, 2013) , which has demonstrated the merits of optimizing the hydrogen-bonding configuration (Yuan et al., 2017) and searching for the lowest energy reaction pathway (Li & Liu, 2018) , may provide a promising alternative for the theoretical study of POM-catalyzed selective oxidation.
Making full use of both the structural traits of POMs and an advanced reaction set-up would break through some ceilings of aerobic selective oxidation (Bugnola et al., 2018) . Those previously reported interesting physical properties of POMs could be associated with useful oxidative catalysis in the near future.
APPENDIX A Abbreviations and acronyms BM = 1,1-(butane-1,4-diyl)bis(3-vinylimidazolium) dibromide CSI-MS = cold-spray ionization mass spectrum DRIFT = diffuse reflectance IR Fourier transform DFT = density functional theory en = ethylenediamine HOMO = highest occupied molecular orbital IL = ionic liquid LDH = layered double hydroxide LMCT = ligand-to-metal charge transfer LUMO = lowest unoccupied molecular orbital MAS NMR = magic angle spinning nuclear magnetic resonance MIL = materials of Institut Lavoisier 6-MNQ = 6-methyl-1,4-naphthoquinone MOF = metal-organic framework NBO = natural bond orbital ONIOM = our own n-layered integrated molecular orbital and molecular mechanics POM = polyoxometalate POSS = polyhedral oligomeric silsesquioxanes TBA = tetra-n-butylammonium The spatial relationship of multiple catalytic sites and synergetic catalysis. Copyright 2015 Springer Nature. TBADT = tetra-n-butylammonium decatungstate TBHP = tert-butyl hydroperoxide TD-DFT = time-dependent density functional theory TMBQ = 2,3,5-trimethyl-1,4-benzoquinone 2,4,5-TMP = 2,4,5-trimethylphenol 2,3,5-TMP = 2,3,5-trimethylphenol 2,3,6-TMP = 2,3,6-trimethylphenol TGA = thermogravimetric analysis Tris = tris(hydroxymethyl)aminomethane
